RGS proteins regulate the duration of G protein signaling by increasing the rate of GTP hydrolysis on G protein ␣ subunits. The complex of RGS9 with type 5 G protein ␤ subunit (G␤5) is abundant in photoreceptors, where it stimulates the GTPase activity of transducin. An important functional feature of RGS9-G␤5 is its ability to activate transducin GTPase much more efficiently after transducin binds to its effector, cGMP phosphodiesterase. Here we show that different domains of RGS9-G␤5 make opposite contributions toward this selectivity. G␤5 bound to the G protein ␥ subunit-like domain of RGS9 acts to reduce RGS9 affinity for transducin, whereas other structures restore this affinity specifically for the transducin-phosphodiesterase complex. We suggest that this mechanism may serve as a general principle conferring specificity of RGS protein action.
Proteins of the RGS 1 family regulate the duration of G protein signaling by increasing the intrinsic GTP hydrolysis rate on G protein ␣ subunits (see Refs. 1-3 for recent reviews). At present, over 20 mammalian RGS proteins have been identified that regulate the GTPase activity of most known G protein ␣ subunits. The abundance of both protein types, along with findings that catalytic domains of RGS proteins have a very poor ability to discriminate among different G protein ␣ subunits, makes the problem of specificity in the RGS-G protein interaction one of the most interesting questions in G protein signaling. A striking example of the specificity in RGS protein action is described for the photoreceptor cells of the retina, where RGS9 is able to discriminate between the free activated ␣ subunit of photoreceptor-specific G protein, transducin, and transducin bound to its effector, PDE (reviewed in Refs. 3 and 4) . The physiological importance of this selectivity is evident from the necessity for RGS9 to promptly terminate the photoresponse after PDE activation by transducin but not to inactivate transducin before it has a chance to interact with PDE.
In photoreceptors, RGS9 is represented by its short splice isoform, which exists as a constitutive complex with the photoreceptor-specific long splice isoform of G␤5 (5) . RGS9 belongs to a subfamily of RGS proteins including mammalian RGS6, RGS7, and RGS11, all abundant in neural tissues, and two Caenorhabditis elegans RGS proteins, EGL-10 and EAT-16. All members of this RGS9 subfamily can bind G␤5 through their G protein ␥ subunit-like domains or GGL (6 -8) and are likely to exist as constitutive complexes with G␤5 in vivo (8 -12) . The ability of RGS9-G␤5L to select between free transducin and transducin-PDE complex is achieved because its affinity for free transducin is lower than its affinity for transducin bound to PDE (13) . The effect of PDE is conferred through its inhibitory ␥ subunit, PDE␥ (14 -16) , which directly binds to transducin. The catalytic role in activating transducin GTPase belongs to the RGS homology domain of RGS9, RGS9d, which itself can discriminate between free transducin and transducin-PDE complex (17) (18) (19) (20) . However, PDE␥ causes not more than a 2-3-fold potentiation of the activity of RGS9d, whereas the effect observed with the entire RGS9-G␤5L complex is ϳ20-fold (13) . This implies that the major role in conferring the stimulating effect of PDE␥ is played by other, noncatalytic domains of RGS9-G␤5L. This idea has been recently supported by He et al. (21) , who reported that practically all domains within the RGS9-G␤5L complex contribute to its ability to discriminate between free activated transducin and transducin bound to PDE.
In this study, we addressed the kinetic mechanism by which individual domains within RGS9-G␤5L confer its ability to specifically recognize transducin complexed with PDE␥. This was achieved by analyzing catalytic properties of a series of recombinant RGS9-G␤5L fragments ranging from RGS9d to the full-length RGS9-G␤5L. Our approach was similar to that of He and colleagues (21) , but the use of an alternative kinetic method enabled us to specifically address the major catalytic parameters of each fragment: their maximal catalytic activities and their affinities for transducin with and without PDE␥. Our surprising finding is that different structures within the RGS9-G␤5L complex make opposite contributions in establishing this selectivity. The structure, including the putative seven-bladed ␤-propeller core of G␤5 connected to GGL, imposes a dramatic reduction in the affinity of RGS9d for both transducin and transducin-PDE complex. All other parts of RGS9 as well as the N terminus of G␤5L restore this affinity for the transducin-PDE␥ complex to a much greater degree than for free transducin. We suggest that this mechanism may serve as a general principle by which the specificity of RGS action is achieved in various signaling pathways. GGL-G␤5 modules may serve as nonspecific inhibitors of RGS function, whereas other structures in the RGS-G␤5 complex may counter the action of GGL-G␤5 specifically toward either appropriate G protein-␣ subtype or appropriate G protein-␣-effector complex.
EXPERIMENTAL PROCEDURES
Purification of Membranes and Proteins-ROS were isolated from frozen bovine retinas (T. A. & W. L. Lawson Co., Lincoln, NE) under infrared illumination as described (22) . Urea-treated ROS membranes lacking the GTPase-activating protein (GAP) activity of RGS9 were prepared using a two-step protocol (23) . First, photoreceptor discs were purified from the ROS in the dark (24) . Second, the residual activity of RGS9 was inactivated by treating discs with 6 M urea for 30 min on ice (15) . Urea was then removed from the membrane preparation by five consecutive washes of the discs with an isotonic buffer. Rhodopsin concentration in all membranes was determined spectrophotometrically from the difference in absorbance at 500 nm before and after rhodopsin bleaching using the molar extinction coefficient of 40,000 (25) . Transducin was purified from bovine ROS as described (26) . Transducin concentration used in all calculations was determined based on the maximum amount of rhodopsin-catalyzed GTP␥S binding performed as described in Ref. 27 . The PDE␥-(63-87) peptide was synthesized by the solid-phase Merrifield method on an automated peptide synthesizer and purified to homogeneity by reversed-phase HPLC. Purity and chemical formula of the peptide were confirmed by mass spectrometry and analytical reversed-phase HPLC.
Cloning of RGS9 and G␤5 Constructs and Generation of Recombinant Baculoviruses-A schematic illustration of RGS9 constructs used in this study is presented in Fig. 1 . The mammalian expression vector pcDNA3 containing mouse RGS9 cDNA (5) was used as a template for PCR amplification of RGS9 cDNA and its fragments. DNA fragments encoding RGS9 residues 193-431 (GR), 193-484 (GRC), 112-431 (IGR), 112-484 (IGRC), 1-431 (DIGR), and 1-484 (DIGRC) were amplified using specific upstream and downstream primers containing BamHI and EcoRI sites, respectively. The resulting PCR products were cut with BamHI and EcoRI and ligated with the large fragment of a modified version of the baculovirus transfer vector pVL1392 (see below), digested with the same restriction enzymes. DNA sequence of all RGS9 constructs was confirmed over the PCR-amplified regions. The resulting constructs encoded recombinant proteins where RGS9 sequence was preceded in frame by the sequence MAHHHHHH-GLVPRGS containing His 6 tag and thrombin cleavage site. Baculovirus expression constructs encoding G␤5S or G␤5L (modified by a Met-43 to Leu point mutation to block an internal translation initiation site) (28) employed the mouse cDNAs ligated between the EcoRI and XbaI cloning sites in pVL1392. Finished constructs in baculovirus transfer vectors were used to generate recombinant baculoviruses using a custom service provided by Pharmingen (San Diego, CA). Positive viral clones were isolated by the plaque assays followed by immunoblotting detection of the expressed RGS9 constructs using anti-RGS9 antibodies (5) . Plaque isolated recombinant viruses were amplified to obtain high titer stocks (Ͼ10 8 plaque-forming units/ml). Expression and Purification of RGS9d and RGS9-G␤5 Fragments-In our choice of the protein expression systems we followed the strategies reported by He et al. (21) . Escherichia coli vector pGEX2T encoding GST-His 6 -RGS9d fusion protein was a generous gift from T. Wensel (Baylor College of Medicine). GST-His 6 -RGS9d from the soluble fraction of E. coli lysate was purified using affinity chromatography on glutathione-agarose (Sigma) as described (21) . The fusion protein was cleaved with thrombin followed by the separation of His 6 -RGS9d from the GST domain and thrombin on Ni 2ϩ -NTA-agarose. All other RGS9 constructs in their complexes with either G␤5L or G␤5S were produced in the Sf9/baculovirus expression system. We found, as did others (21) , that the expression of all RGS9 constructs containing the GGL domain in soluble form was possible only in the presence of G␤5. We therefore co-expressed all GGL domain-containing RGS9 constructs with either G␤5L or G␤5S. For a standard purification, Sf9 cells (4 -5 liters) were cultured in suspension in SF900 II SFM (Life Technologies Inc.) containing 0.1% Pluronic F68, 1% fetal calf serum, and 50 g/ml gentamicin at 27°C with constant shaking (125 rpm). Cells (1.5-2 ϫ 10 6 cells/ml) were co-infected with amplified recombinant baculoviruses encoding desired RGS9 construct and the recombinant virus encoding G␤5 at a multiplicity of infection of 3. Cells were harvested 72 h after infection and resuspended in 100 ml of ice-cold 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, two tablets of EDTA-free protein inhibitors mixture (Roche Molecular Biochemicals) (buffer A). Remaining procedures were carried out at 4°C unless otherwise specified. Cells were disrupted by nitrogen cavitation using a Parr bomb using two 30-min compression/decompression cycles at 600 p.s.i. Cell lysates were centrifuged at 100,000 ϫ g for 1 h, and supernatants were collected and loaded onto a 2-ml Ni 2ϩ -NTA-agarose column, which had been equilibrated in buffer A. The column was sequentially washed with 20 ml of buffer A and then 20 ml of buffer A containing 20 mM imidazole. Recombinant proteins were eluted off the column with 5 ml of buffer A containing 250 mM imidazole. Imidazole was removed from the protein preparation, and buffer composition was changed to 20 mM Tris-HCl, pH 7.4, 0.1 M NaCl, 5 mM dithiothreitol by a sequential dilution and concentration of the eluate using an Amicon concentrator. The resulting samples were further purified on a Mono S column (Amersham Pharmacia Biotech) using a gradient of NaCl concentration (from 0.1 to 0.4 M). The eluted RGS9-G␤5 complexes were dialyzed against buffer A containing 50% glycerol and stored at Ϫ20°C without significant loss of their functional activity. The purity of the recombinant RGS9 constructs was no less than 80%. The concentration of recombinant proteins was measured spectrophotometrically based on the theoretically calculated values of extinction coefficients at 280 nm.
GTPase Measurements-Transducin GTPase activity was determined by using either a multiple turnover
) technique as described previously (13) . GTPase assays were conducted at room temperature (22-24°C) in a buffer containing 10 mM Tris-HCl (pH 7.8), 100 mM NaCl, 8 mM MgCl 2 , and 1 mM dithiothreitol. Urea-treated ROS membranes, lacking endogenous GAP activity of RGS9, were used as a source for rhodopsin for assaying GAP activity of the recombinant RGS9 constructs. Rhodopsin in these membranes was activated by illuminating them on ice immediately before the experiments. The reaction was started by the addition of 10 l of [␥- 32 P]GTP at desired concentration (ϳ10 5 dpm/sample) to 20 l of membranes (20 M rhodopsin final concentration) reconstituted with proteins of choice. The reaction was stopped by the addition of 100 l of 6% perchloric acid. 32 P i formation was measured with activated charcoal as described (29) . All data fitting and statistical analyses were performed with the Sigmaplot software, version 6.
Pull-down Assays-10 l of Ni 2ϩ -NTA-agarose beads were equilibrated with the binding buffer: 20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 0.25% lauryl sucrose, and 50 g/ml bovine serum albumin. The beads were then incubated on ice for 20 min with 50 l of 5 M His-tagged RGS9 constructs and then washed twice with 200 l of binding buffer. Washed beads were mixed with 50 l of binding buffer containing 1 g of transducin. 10 mM NaF and 30 M AlCl 3 (AlF 4 Ϫ ) and/or PDE␥ at the final concentration of 1 M were added when necessary. We used fulllength PDE␥ in this assay, since its affinity for transducin is higher than that of the PDE␥-(63-87) peptide, allowing better transducin-PDE␥ complex retention upon agarose washes. Samples were incubated on ice for 20 min with occasional shaking. The agarose beads were spun down and washed twice with 1 ml of the binding buffer containing 20 mM imidazole and also 10 mM NaF and 30 M AlCl 3 when required. Bound transducin was eluted from the beads with 40 l of SDS-polyacrylamide gel electrophoresis sample buffer. 10-l aliquots of eluates were then subjected to SDS-polyacrylamide gel electrophoresis. The ␣ subunit of transducin was detected using monoclonal antibodies 4A (a generous gift from Heidi Hamm, Vanderbilt University).
RESULTS
Protein Constructs-Schematic illustrations of RGS9 domain composition and protein constructs used in this study are presented in Fig. 1 . The N-terminal domain of RGS9 containing ϳ110 amino acids is called DEP because it is also present in Disheveled, EGL-10, and pleckstrin (30) . The function of this domain in each of these proteins remains unknown, although a recent report on the three-dimensional structure of DEP from Disheveled (Dvl) confirms that this domain exists as a unique, independently folded structure (31) . In the RGS9 sequence, DEP is followed by an ϳ80-amino acid stretch, which we will call interdomain. It has the lowest degree of homology among the members of the RGS9 subfamily. The next domain, composed of ϳ80 residues, is the GGL domain, providing the bind-ing site for G␤5 in all representatives of the RGS9 subfamily. In RGS9, GGL binds to G␤5L, whereas other subfamily members are usually found in a complex with the short splice isoform of G␤5, G␤5S (7) (8) (9) (10) (11) (12) . GGL is followed by the RGS homology domain of ϳ120 residues. RGS9, both the retinal isoform employed here and the brain isoform (32), also contains a prominent C-terminal extension, unique among other members of this subfamily. This extension is often called the Cterminal domain. The domain composition of G␤5L appears more simple. It is thought to have a core seven-bladed ␤-propeller structural domain characteristic of all G protein ␤ subunits and mostly ␣-helical N-terminal region, including a photoreceptor-specific 42-amino acid extension, which is absent in G␤5S and in other known G protein ␤ subunits (28) .
Kinetic Approach-The unique opportunity in studying G protein signaling with the components of the phototransduction cascade is that transducin could be supplied with an essentially unlimited amount of its activated receptor, photoexcited rhodopsin. This enabled us to study the catalytic properties of RGS9-G␤5L and its fragments under multiple turnover steady-state conditions, where the GTP hydrolysis by transducin was immediately followed by transducin's return to its GTP-bound form (13, 23) . As illustrated in the Reaction 1 below, our approach could be considered a modification of the Michaelis-Menten method. We considered RGS9-G␤5L constructs as the enzymes, activated ␣ subunit of transducin (G␣ t -GTP) as their substrate, and G␣ t -GDP and inorganic phosphate as the reaction products.
The power of this approach is that it allowed us to assess both maximal catalytic activities of the RGS9-G␤5L constructs and their affinities for transducin with and without PDE␥, after calculating corresponding values of k cat and apparent K m .
In the context of this study, this approach is preferential over the single turnover approach utilized in most previous studies of transducin GTPase (reviewed in Ref. 29) . Although the single turnover method was extremely productive in establishing the basic observations that GAP for transducin exists in rods (33, 34) and that PDE␥ is an activator of transducin GTPase (14 -16), it has at least three major limitations that make detailed kinetic analysis of the catalytic properties of RGS9-G␤5L constructs essentially impossible. First, accurate resolution of GTPase rates above ϳ1 turnover/s cannot be achieved by conventional applications of this technique. As a result, maximal rates of GTP hydrolysis stimulated by the most active RGS9-G␤5L constructs cannot be determined by the single turnover method. Second, the single turnover approach does not provide a means to distinguish whether PDE␥ affects the affinity between RGS and transducin or if it directly changes the catalytic rate of an RGS protein. Third, as GTPase rates approach saturation at high RGS concentrations, this method does not resolve whether these rates are determined by the catalytic properties of RGS or by the intrinsic limitations of transducin to form a conformation competent for RGS interaction. To the contrary, the multiple turnover GTPase approach allowed us to determine two essential catalytic parameters of this reaction, k cat and apparent K m , for each RGS construct used.
Each individual experiment utilizing the multiple turnover methodology included three data sets obtained at various transducin concentrations: 1) the basal activity of transducin GTPase measured without RGS9, which was a linear function of transducin concentration; 2) GTPase activity in the presence of a small fixed concentration of a given RGS9 construct; 3) GTPase activity in the presence of the same construct and PDE␥ at saturating concentration. The basal GTPase activity was then subtracted from the data obtained with RGS9 constructs, which allowed us to analyze the properties of "accelerated" GTPase alone. Both data sets were fitted by hyperbolas, yielding the kinetic parameters of activated GTPase, k cat , and apparent K m .
In order to further simplify this analysis, we used saturating concentrations of GTP to ensure that the rate of GTP hydrolysis was not dependent on the GTP concentration. We also substituted PDE␥ by its C-terminal PDE␥-(63-87) peptide because PDE␥-(63-87) retains all GAP properties of the fulllength PDE␥ (13, 16) but, unlike PDE␥, does not inhibit rhodopsin-catalyzed recycling of G␣ t -GDP to G␣ t -GTP, as discussed in Ref. 13 .
Catalytic Properties of RGS9d-The effects of PDE␥ on the catalytic parameters of RGS9d were studied in the experiment illustrated in Fig. 2A . The kinetic parameters, k cat and apparent K m , determined from the hyperbolic fits to the data are summarized in Table I . PDE␥-(63-87) affected two parameters of GTP hydrolysis. First, it decreased the value of apparent K m by ϳ3-fold. This is in a good agreement with the 2-3-fold increase in the affinity between RGS9d and transducin by PDE␥ observed in direct affinity measurements (19) . Second, PDE␥ caused an ϳ10-fold decrease in the k cat value. This effect was completely unexpected and appeared to contradict an established concept that PDE␥ is an activator, not an inhibitor, of both native RGS9-G␤5L (13) and RGS9d (17, 19, 21) .
The data from Fig. 2C indicate that this contradiction is only apparent and that PDE␥-(63-87) inhibited not the rate of GTP hydrolysis but rather the rate of RGS9d dissociation from the reaction products. Here we took advantage of the single turnover GTPase methodology, where only one synchronized turnover of transducin activation and GTP hydrolysis was allowed, and the amount of RGS9d in the reaction mixture was higher than the amount of activated transducin. In this case, PDE␥-(63-87) potentiated the GAP activity of RGS9d, in good agreement with published data also obtained in the single turnover GTPase assays (17, 19) . The fundamental difference between the single turnover and the multiple turnover assays is that in the multiple turnover assay both transducin and RGS work more than once. Therefore, we concluded that the recycling of one of these proteins was inhibited by PDE␥-(63-87). Since this peptide does not inhibit recycling of transducin by rhodopsin (13) (see above), it means that it inhibits the recycling of RGS9d. In other words, the time required for RGS9d to dissociate from the complex of G␣ t -GDP⅐P i ⅐PDE␥ is longer than the time required to dissociate from G␣ t -GDP⅐P i alone. Thus, PDE␥ does not inhibit the catalytic rate constant, k cat , in Reaction 2, but rather it shifts the equilibrium of the dissociation of products from RGS9d (K D2 ) toward the bound form.
In summary, RGS9d differs from the native RGS9-G␤5L by its low degree of cooperation with PDE␥ and by its impaired ability to perform more than one turnover of transducin GTPase activation with PDE␥ present. We will demonstrate below how these "deficiencies" in RGS9d are "corrected" within RGS9-G␤5L by the synergistic regulatory action of practically all noncatalytic structures present in this complex. Fig. 3A shows the Michaelis analysis of the GAP activity of GR-G␤5L. The catalytic properties of this fragment differ markedly from those of RGS9d. The dependence of the GTP hydrolysis rate on transducin concentration was essentially linear and did not show any tendency to saturate over the transducin concentration range used in our experiments. The lack of saturation was observed both in the presence and absence of PDE␥-(63-87). Hyperbolic fits of these data yielded K m values of several hundred micromolar transducin with the S.E. exceeding the values of the means by 2 orders of magnitude. This implies that K m values observed with this fragment are too high to be determined over the range of transducin concentration that we could achieve. Another major difference between GR-G␤5L and RGS9d is that PDE␥ stimulated rather than inhibited its catalytic efficiency under multiple turnover conditions. Thus, the problem of slow RGS9d dissociation from the reaction products is solved by the presence of the GGL-G␤5L module. The degree of GTPase stimulation by PDE␥, determined as a ratio between the slopes of straight lines fitted to the data, was ϳ5.3-fold. The catalytic properties of another construct, GRC-G␤5L, which contained the C-terminal domain of RGS9, were practically identical to those of GR-G␤5L ( Fig.  3B and Table I ). This indicates that the C-terminal domain itself has no effect on the catalytic properties of RGS9d coupled to GGL-G␤5L.
The GGL-G␤5L Module Decreases RGS9d Affinity for Transducin and Reverses the Inhibitory Action of PDE␥ on RGS9d-
Our data indicate that the major functional role of the GGL-G␤5L module is to reduce the affinity of RGS9d for both its substrates and the reaction products. Nevertheless, the rates of GTP hydrolysis measured at high transducin concentrations are at the top of the activity range observed in this study, and they appear to keep rising beyond the range of assayed transducin concentrations. Another effect of the GGL-G␤5L module was a slightly higher ability of GR-G␤5L to discriminate between free transducin and transducin with PDE␥ as compared with RGS9d alone (ϳ5-fold versus ϳ3-fold effect of PDE␥ from Table I ). We will show below that this effect could be attributed entirely to the N terminus of G␤5L and not the core GGL-G␤5S structure.
The Interdomain of RGS9 Partially Compensates for the Affinity Decrease by GGL-G␤5L in a PDE␥-independent Manner-
The next set of the RGS9-G␤5L fragments analyzed in the multiple turnover GTPase assays contained the interdomain sequence between DEP and GGL. The analysis of its function was complicated by the lack of activity in the shortest fragment containing the interdomain, IGR-G␤5L (see "Experimental Procedures"). However, two longer constructs, IGRC-G␤5L and DIGR-G␤5L, had significant activity (Fig. 4) with essentially indistinguishable catalytic parameters (Table I ). The major difference between these constructs and the two shorter constructs analyzed in Fig. 3 is an increase in their affinities for transducin both in the presence and absence of PDE␥. This affinity increase was not accompanied by a reliable change in PDE␥ potentiation. We attribute this effect to the interdomain because the presence of this structure is the only difference between IGRC-G␤5L and GRC-G␤5L. However, a formal possibility exists that the effect actually requires a combination of the interdomain with either RGS C terminus or DEP.
It should be noted that the values of K m observed without PDE␥-(63-87) were determined with a lower accuracy than the values with PDE␥-(63-87), because the GTPase rates measured under this condition did not exceed ϳ30% of the calculated k cat values. This makes the difference in the determined K m values for IGRC-G␤5L and DIGR-G␤5L likely to be apparent. For the same reason, a slight decrease in the effect of PDE␥-(63-87) observed with these fragments (3.1-and 4.7-fold) as compared with GR-G␤5L or GRC-G␤5L (5.3-fold) may be apparent as well. However, the accuracy of the data was good enough to yield a less than 20% difference in the k cat values determined with and without PDE␥-(63-87).
The Physiologically Large Effect of PDE␥ on the Affinity between RGS9-G␤5L and Transducin Requires the Presence of All Structural Domains of RGS9 -
The next construct tested, full-length RGS9-G␤5L (DIGRC-G␤5L), differed from IGRC-G␤5L and DIGR-G␤5L by an ϳ6-fold decrease in the value of apparent K m in the presence of PDE␥-(63-87) (Fig. 5 , Table I ). The K m value obtained for all three constructs without PDE␥-(63-87) was essentially the same. As a result, the overall degree of transducin GTPase regulation by PDE␥ observed with DIGRC-G␤5L was ϳ19-fold. Because the degrees of K m regulation by PDE␥ observed with IGRC-G␤5L and DIGR-G␤5L containing either DEP or C terminus alone were similar to the degree of PDE␥ regulation with GR-G␤5L (lacking either DEP or C terminus), we conclude that both DEP and C terminus must be simultaneously present for the noted 6-fold effect.
Remarkably, the native RGS9-G␤5L produced the same degree of potentiation and essentially the same K m values with and without PDE␥ (ϳ3 M with PDE␥ and ϳ70 M without PDE␥ from Ref. 13 ). These data indicate that recombinant RGS9-G␤5L is regulated by PDE␥ to the same extent as the native protein and that this physiologically high degree of regulation requires the presence of all structural domains of RGS9. a For these constructs, the value represents the ratio of the slopes of the linear fits to the data obtained with and without PDE␥-(63-87).
FIG. 3. Catalytic properties of GR-G␤5L (A) and GRC-G␤5L (B) complexes.
Multiple turnover GTPase assays were conducted with 1 M GR-G␤5L or GRC-G␤5L as described in the legend to Fig. 2A 
FIG. 4. Catalytic properties of IGRC-G␤5L (A) and DIGR-G␤5L (B) complexes.
Multiple turnover GTPase assays were conducted with 1 M IGRC-G␤5L or DIGR-G␤5L as described in the legend to Fig. 2A . The accelerated rates of GTP hydrolysis are fitted by hyperbolas yielding catalytic parameters summarized in Table I . The data are taken from two independent experiments. Error bars represent the scatter of the points.
FIG. 5. Catalytic properties of the full-length recombinant RGS9-G␤5L complex (DIGRC-G␤5L).
The catalytic activity of 1 M DIGRC-G␤5L was determined as described in the legend to Fig. 2A . The catalytic parameters of accelerated GTPase determined from the hyperbolic fit of the data are listed in Table I . The data are taken from three independent experiments. Error bars represent the scatter of the points.
The N-terminus of G␤5L Contributes to the Potentiation of RGS9-G␤5 Activity by PDE␥-G␤5L
is specifically localized to photoreceptor cells, whereas G␤5S is enriched in other neural tissues, suggesting that the N-terminal sequence of G␤5L may regulate the activity of RGS9-G␤5L. This suggestion was tested with two RGS9-G␤5 constructs containing G␤5S, the fulllength DIGRC-G␤5S and the shortest GGL-containing construct, GR-G␤5S. The data from Fig. 6 and Table I show that the catalytic properties of these constructs observed without PDE␥-(63-87) are essentially identical to the properties of corresponding constructs containing G␤5L. However, the degree of the PDE␥ effect on the activity of these constructs was reliably lower than for the RGS9 constructs complexed with G␤5L. PDE␥ caused only an ϳ2.1-fold increase in the activity of GR-G␤5S, while an ϳ5.3-fold increase was observed with GR-G␤5L. Similarly, PDE␥ decreased the K m value of DIGRC-G␤5S by only ϳ5.4-fold, while an ϳ19-fold decrease was observed with DIGRC-G␤5L. These data indicate that the N-terminal amino acid extension G␤5L is specifically involved in the functional coupling of RGS9-G␤5L to PDE␥.
Major Kinetic Findings of This Study Could Be Confirmed in
Pull-down Assays-Independent evidence that individual noncatalytic domains of RGS9 and G␤5 make opposite contributions on the complex's affinity for its substrates was obtained in the pull-down assays illustrated in Fig. 7 . We monitored the binding of transducin ␣ subunit activated by AlF 4 Ϫ to the His 6 -tagged RGS9d, GR-G␤5L, or DIGRC-G␤5L immobilized on the Ni 2ϩ -NTA-agarose in the presence and absence of PDE␥. For each RGS construct, we also analyzed transducin binding with PDE␥ but without AlF 4 Ϫ as controls for the background association of nonactivated transducin with the agarose beads. After the binding reaction was performed as described under "Experimental Procedures," bound proteins were eluted, and transducin ␣ subunit in the eluate was detected by Western blotting with specific antibodies. The results of this experiment confirm qualitatively all three major kinetic findings. 1) Transducin binds demonstrably to RGS9d, but the difference between the binding with and without PDE␥ is small. 2) Practically no binding is observed with GR-G␤5L.
3) The binding is restored with the full-length RGS9-G␤5L with the PDE␥ effect much more pronounced than with RGS9d.
DISCUSSION
The Problem of Specificity in RGS Protein Action-RGS proteins comprise a large family sharing a common catalytic domain. The catalytic domains of most RGS proteins have been documented to accelerate the GTPase activity of different heterotrimeric G protein ␣ subunits (reviewed in Ref. 1) . Furthermore, the interacting surfaces between RGS and G proteins are among the most conserved regions present in proteins of both families (35, 36) . The promiscuity of RGS catalytic domains suggests that specificity in the interactions between RGS and G proteins is at least partially achieved through the action of additional domains and/or subunits with which many RGS proteins are equipped (2, 37) .
The phototransduction cascade from vertebrate rods and cones provides an example of a signaling pathway where the specificity of the RGS-G protein interaction is essential for normal physiological function. In this case, specificity does not concern discrimination among different G protein ␣ subunits (transducin is the only documented G protein present in photoreceptor outer segments) but rather the ability of RGS9-G␤5L to discriminate between free activated transducin and transducin bound to its effector. Some degree of specificity is conferred through the RGS9d itself (17) (18) (19) . Two recent studies provide insights into the structural basis for this specificity. First, in the crystal structure of RGS9d in complex with transducin ␣ subunit bound to GDP⅐AlF 4 Ϫ and the PDE␥-(46 -87) peptide, the effector peptide and RGS9d are located very close to one another, make extensive interactions with the same region of transducin (switch II), and form one direct contact (36) . Second, the specificity of RGS9d is likely to be conferred through only two amino acid residues corresponding to Leu-353 and Arg-360 of the full-length RGS9 sequence (20) . However, the degree of PDE␥ potentiation of RGS9d activity has never been shown to exceed 2-3-fold. A 1-order of magnitude larger effect is observed with the entire RGS9-G␤5L complex, which implies that the function of RGS9d is certainly regulated by other structural elements. The aim of this study was to quantitatively address the roles of different functional regions of RGS9 and G␤5L in enabling RGS9-G␤5L to discriminate between activated transducin and transducin coupled to PDE␥.
The Substrate Specificity of RGS9-G␤5L Results from Opposite Contributions from Different Structural Domains-Our first major finding is that the large physiological effect of PDE␥ on activating transducin GTPase originates from opposite contributions by different noncatalytic domains of RGS9-G␤5L on its affinities for free activated transducin and transducin
FIG. 6. Catalytic properties of GR-G␤5S (A) and DIGRC-G␤5S (B).
Multiple turnover GTPase assays were conducted with 1 M GR-G␤5S or DIGRC-G␤5S as described in the legend to Fig. 2A bound to PDE␥. The GGL-G␤5S module imposes a strong reduction in the affinity between RGS9d and transducin that substantially exceeds 1 order of magnitude. This effect is not discriminative between free activated transducin and the transducin-PDE␥ complex. All other structures within RGS9-G␤5L counteract the inhibition imposed by GGL-G␤5S and increase the RGS affinity for transducin. However, only one part of RGS9, the interdomain between DEP and GGL, restores some of this affinity without discriminating between free transducin and transducin-PDE␥. Two other structures of RGS9, DEP and C terminus acting cooperatively along with the unique N terminus of G␤5L, restore the RGS-transducin affinity selectively, i.e. only for the transducin-PDE␥ complex. This leads to a much larger affinity restoration for transducin-PDE␥ than for activated transducin alone. The resulting ϳ19-fold effect of PDE␥ on the affinity between recombinant RGS9-G␤5L and transducin observed in this study is essentially identical to the ϳ23-fold effect observed with the native RGS9-G␤5L from bovine rods (13) .
The scatter of k cat values for RGS9-G␤5 fragments summarized in Table I should be treated cautiously because it could simply reflect the difference in the fraction of active RGS in different preparations of recombinant proteins. Unfortunately, no reliable method to determine this fraction is currently available. It appears that the k cat value for one of the constructs, GR-G␤5L, is higher than for the other constructs because the GTPase rates measured with PDE␥ in Fig. 3A show a clear tendency to continue rising linearly above the range of values observed with other constructs. This may imply that the RGS9d affinity reduction imposed by GGL-G␤5L occurs without a reduction in the overall catalytic efficiency determined as the k cat /K m ratio. Importantly, the ambiguity in k cat determinations does not affect our major conclusion that a large effect of PDE␥ on the activity of RGS9-G␤5L is achieved via opposite contributions from different noncatalytic domains on the complex's affinity for its substrates, because under the Michaelis conditions the value of K m is not affected by the enzyme (RGS) concentration.
It is interesting to compare our results with the recent data by He et al. (21) , who addressed the roles of individual structures within RGS9-G␤5 in regulating its activity by a different kinetic approach. The authors based their analysis on single turnover GTPase assays and concluded that essentially all structures within RGS9-G␤5L modulate the activity of RGS9d and/or its cooperation with PDE␥. While our data also indicate that all RGS9-G␤5L structures participate in regulating its GAP activity, we have major disagreements with these authors in attributing exact functional roles to individual RGS9-G␤5L domains. First, He et al. (21) conclude that the GGL-G␤5S module confers most of the effector (PDE␥) sensitivity of the entire RGS9-G␤5 complex by inhibiting its GAP activity without PDE␥ and that the N terminus of G␤5L is not involved in this regulation. We show that the GGL-G␤5S module reduces the affinity of RGS9d for transducin without changing the degree of affinity regulation by PDE␥. We further show that the only part of G␤5L participating in PDE sensitivity enhancement is its unique N terminus. Second, He et al. (21) conclude that the C terminus of RGS9 counters the inhibitory effect of G␤5 on the RGS9d basal activity. Our data do not indicate the presence of such an effect (note that the He et al. conclusion on the absolute activities of corresponding RGS9-G␤5L constructs is dependent on the untested assumption that the fractions of active protein in each RGS preparation were identical). Finally, He et al. (21) conclude that the C terminus of RGS9 is essential for enabling PDE␥ to overcome the inhibition imposed by GGL-G␤5 and that the N terminus of RGS9 may play a minor role as well. We show that both termini are equally important because the K m shift is observed only when both of them are present simultaneously. No effect of the C terminus alone was observed in our experiments. We believe these discrepancies mostly originate from inherent limitations in data interpretation of the single turnover GTPase method utilized by He et al. (see "Results"). Here we show that the major role of the noncatalytic domains of RGS9-G␤5L is to modulate its affinity for transducin with or without PDE␥. Yet, the single turnover methodology, because it cannot resolve substrate affinity and catalytic effects, allows only the assessment of the overall activity of an RGS protein.
G␤5 Is Essential for Rapid Release of RGS9 from Its Specific Target-Our second major finding is that G␤5 facilitates the dissociation of RGS9 from the transducin-effector complex upon the completion of GTP hydrolysis. This is evident from the observations that PDE␥ potentiates the GAP activity of RGS9d but also inhibits the RGS9d turnover rate, whereas no turnover inhibition is observed with any of the RGS9 fragments containing the GGL-G␤5 module. This implies that GGL-G␤5 decreases the affinity of RGS9d for both its substrates and reaction products.
The property of GGL-G␤5 to reduce the affinity between RGS9 and transducin after the completion of GTP hydrolysis is important for physiological function of RGS9-G␤5L. The low rate of RGS9 dissociation from its products may significantly delay the photoresponse turnoff for two reasons. First, the response turnoff may be delayed under conditions when a single RGS9 molecule needs to sequentially activate GTPase activity of several transducins. The latter situation is likely to occur in vivo, since the total amount of transducin in rods exceeds the amount of RGS9 by ϳ160-fold (17) . Second, it may be also possible that PDE inactivation requires not only GTP hydrolysis on transducin but also the dissociation of the GDPbound transducin from PDE␥. This idea is compatible with the finding that the GDP-bound form of transducin ␣ subunit is capable of activating PDE in vitro (38) .
Opposite Contributions from Different Noncatalytic Domains to RGS Protein Affinity for G Protein May Be a General Mechanism Governing Substrate Specificity of the Members of the RGS9 Subfamily-
The data obtained in this study suggest a general principle by which a protein domain bearing an important catalytic function but lacking specificity of its action may be incorporated into a multiple domain structure where specificity is gained without a loss in the catalytic activity. In regard to the RGS9 subfamily, this implies that G␤5 may serve as their inhibitor acting by reducing the affinity of highly promiscuous RGS homology domains to G protein ␣ subunits. Other domains, for instance DEP present in all subfamily members, may restore the affinity specifically toward an appropriate target of each individual RGS protein. In this general context, the specific target may be either a G protein-effector complex or a particular G protein ␣ subunit. Although not directly tested, this hypothesis is supported by two lines of experimental evidence. The first line indicates that the full-length RGS protein complexes with G␤5 may have a better ability to discriminate among different G protein ␣ subunits than their catalytic domains. Several recent studies show that G␣ o is a preferred target for the complexes of RGS7, RGS6, and RGS11 with G␤5 (6, 39, 40) . The same preference was shown for the catalytic domain of RGS7 (41) . However, direct comparison of the catalytic properties of the RGS7 domain with the properties of the full-length RGS7-G␤5 complex demonstrated that the domain accelerated the GTPase activities of G␣ o and G␣ i-1 to approximately the same extent, whereas the full-length RGS7-G␤5 complex accelerated the GTPase activity of G␣ o only (39) . The second line of evidence indicates that G␤5 may reduce the affinity between RGS proteins and G protein ␣ subunits. Pulldown binding assays indicate that full-length RGS7 binds to G␣ o more tightly than its complex with G␤5S (7). Interestingly, this observation may imply that in the absence of G␤5, RGS7 has an even higher affinity for G␣ o than the physiologically relevant RGS7-G␤5 complex.
In summary, our data demonstrate that in photoreceptors the specificity of RGS protein interaction with the complex of G protein and effector enzyme is achieved via a mechanism where the GGL-G␤5 module acts to reduce the ability of the highly promiscuous RGS domain to interact with its target, whereas a cooperative action of several other structures restores the interaction specifically for the G protein-effector complex. The challenge of future experiments is to test whether this mechanism represents a universal principle in achieving specificity of target recognition by all members of the RGS family that exist as complexes with G␤5 under physiological conditions.
